Perhaps because von Liebig (1842) seemed to be right about so many things, no one has been allowed to forget that he was wrong in asserting that the primary fuel for muscular contraction was muscle protein. Physiologists are constantly reminded that von Liebig's own students Fick & Wislicenus (1866) proved him wrong by climbing the Faulhorn and each producing only about 6 g of urinary nitrogen during and immediately after the ascent. Any further insight into their body chemistry was vitiated by the iconoclasts succumbing to a protein-rich meal in the summit hotel in the evening. Although there is no doubt that they did displace protein from the supremacy as an energy source that von Liebig had accorded it, in the minds of many subsequent commentators this prematurely truncated experiment has been held to prove that only negligible changes take place in nitrogen metabolism during exercise. This attitude persists, even though Cathcart concluded in his review that a small increment in nitrogen excretion is a necessary concomitant of exercise (Cathcart, 1925). Even a 60% increase in the 24h nitrogen excretion associated with about lOOOkJ of work is described as 'not significant' (Robinson, 1974) . Against this background and with our interest in the apparently crucial role of muscular work in the control of muscle mass, we decided to study the effects of exercise on nitrogen balance and whole-body protein turnover in man.
Historical background
Perhaps because von Liebig (1842) seemed to be right about so many things, no one has been allowed to forget that he was wrong in asserting that the primary fuel for muscular contraction was muscle protein. Physiologists are constantly reminded that von Liebig's own students Fick & Wislicenus (1866) proved him wrong by climbing the Faulhorn and each producing only about 6 g of urinary nitrogen during and immediately after the ascent. Any further insight into their body chemistry was vitiated by the iconoclasts succumbing to a protein-rich meal in the summit hotel in the evening. Although there is no doubt that they did displace protein from the supremacy as an energy source that von Liebig had accorded it, in the minds of many subsequent commentators this prematurely truncated experiment has been held to prove that only negligible changes take place in nitrogen metabolism during exercise. This attitude persists, even though Cathcart concluded in his review that a small increment in nitrogen excretion is a necessary concomitant of exercise (Cathcart, 1925) . Even a 60% increase in the 24h nitrogen excretion associated with about lOOOkJ of work is described as 'not significant' (Robinson, 1974) . Against this background and with our interest in the apparently crucial role of muscular work in the control of muscle mass, we decided to study the effects of exercise on nitrogen balance and whole-body protein turnover in man.
Nitrogen excretion and whole-body protein turnover in man during exercise
We measured the effect of 3Sh of exercise at 5(r60% of each Vol. 8 subect's maximal aerobic power on nitrogen balance in four men. Throughout the previous day and the day of the study the subjects were fed on a milk-based diet, and regular sampling of urine, blood and expired gas was carried out. The food contained measured doses of [ 15Nlglycine, and the abundance of the 15N in urinary ammonia allowed an estimate of the nitrogen flux to be made (Waterlow et al., 1978) . The treadmill exercise was sustainable for long enough for a new physiological steady state to be reached, but also vigorous enough to given an unequivocal answer to the question of whether or not nitrogen excretion was increased. The results were not, however, totally clear-cut at first sight. Because of the decline in urine production during exercise due to alterations in kidney blood flow, there was no net increase in urine nitrogen excretion until 5 h after exercise, with most of the increase occurring during the subsequent night (a point missed by Fick & Wislicenus, 1866) . Blood urea concentration rose steadily during exercise, and the urea pool size had doubled by the end of the exercise period. After this the plasma urea concentration fell and the extra nitrogen production could be calculated to be 8-12 g for each subject. This represented up to 15% of the total energy expenditure of exercise calculated from gas-exchange measurements, quite a small value but by no means trivial. The extra 50-60g of protein oxidized could have made a substantial contribution to gluconeogenesis, since the continuing capacity of the brain and nervous system to control muscular work may crucially depend on small quantities of glucose (Christensen & Hansen, 1939) . In previous reports, where increases in nitrogen excretion have also been noted in athletes (Gordon et al., 1925; Decombaz et al., 1979; Refsum & Stromme, 1974) , the increase in nitrogen excretion was somewhat less than for our subjects. However, our subjects were not athletes and this may be significant (an unexplored area). A major problem for us was to discover when the negative nitrogen balance induced by exercise arose and to assign a true rate of protein oxidation to the exercise and post-exercise period so that the components of whole-body protein synthesis and degradation could be calculated (Waterlow et al., 1978) . The data for urea excretion and blood urea concentration suggested that most of the protein oxidation associated with exercise occurred afterwards, whereas the increase in metabolic rate was effectively confined to the exercise period. A large rise in blood ketone-body concentration after exercise, however, suggested that gluconeogenesis may have been turned on at that time. It was thus difficult apriori to decide confidently when the extra protein oxidation had occurred. Only if the increased nitrogen excretion observed over the 15 h after exercise actually represented increased protein oxidation occurring wholly during exercise did the turnover calculations of whole-body protein synthesis and degradation show internal consistency. Proof that the increase of W O , production from [13Clleucine added to food was confined to the period of exercise. The lag in urea the increased protein oxidation did occur only during exercise was provided in a subsequent study by the demonstration that excretion was due to the slow clearance of urea from the blood, giving rise to what may be termed the nitrogen debt, which, unlike the so-called oxygen debt, is a real loss to the body economy. We still know almost nothing of the possible extra protein maintenance requirement of athletes and workers carrying out heavy physical tasks.
The mechanism of the change in nitrogen balance is shown in Fig. 1 . Before exercise there was a positive balance. During exercise the negative balance resulted from a decrease in whole-body protein synthesis and an increase in whole-body protein degradation. After exercise whole-body protein synthesis increased above the pre-exercise value, and although the rate of protein breakdown also remained elevated the nitrogen balance was again positive, allowing a replacement of the lost body protein.
Muscle protein turnover
It would be natural to regard muscle as the site of these changes in whole-body protein turnover. However, although there have been convincing demonstrations of increases in acid hydrolase activity in mouse muscles in the days following an exercise bout (Vihko et al., 1978) , a careful study of lysosomal fragility and total activity in the muscle of rats immediately after Two subjects participated once in the study and two subjects participated twice; thus results are the means of determinations on six occasions. Each flux value was calculated by using the mean value of the abundance of 15N in ammonia from at least three consecutive samples. Nitrogen oxidation rates during exercise were derived by summing the cumulative extra nitrogen production (urine + plasma) for the period between the end of exercise ( 15 :OO h) and 06 :00 h next day and adding the value to the basal pre-exercise nitrogen oxidation rate. Key: Ul N, total nitrogen flux (Q = I+ B = S + 0); H, protein breakdown (B); ., protein oxidation (0); Cl, protein synthesis; 119, protein intake (I). a single moderately intense bout of treadmill running failed to show any changes (Schott & Terjung, 1979) .
In our investigations of exercising man a previous meat-free diet allowed us to use changes in urinary 3-methylhistidine concentration as an index of myofibrillar-protein degradation (Young & Munro, 1978) . We observed a dramatic fall during exercise in the urine production rate of 3-methylhistidine, and this could not be accounted for simply by a decrease in the renal plasma flow and urine flow. The plasma concentration of 3-methylhistidine did not change during exercise, but intramuscular concentrations of 3-methylhistidine, measured in muscle biopsy samples taken at the end of exercise, showed a fall as a result of exercise. This, we feel, is evidence of a decrease in the degradation of actin (and perhaps myosin heavy chain) in skeletal muscle during the exercise. This result is surprising, and suggests that the site of the increased degradation of tissue protein and possibly the source of the increased nitrogen excretion is not muscle. The decreased blood flow through the viscera during the exercise could cause an increase in protein degradation and a loss of portein from these tissues. Such a re-ordering of whole-body protein turnover would be as predicted by Cathcart (1 925).
We have also observed a fall in intramuscular 3-methylhistidine concentration during treadmill running by untrained rats (Bates et al., 1980) . In these experiments we also measured the effect of the treadmill exercise on the synthesis of mixed muscle protein and actin in running rats. The results (Bates et al., 1980) were consonant with our findings for whole-body protein synthesis in man, showing a fall in muscle-proteinsynthetic rates during exercise, with the most dramatic fall occurring for actin (see Table 1 ). These findings confirmed a previous suggestion that the slowest-turning-over proteins show the largest relative changes in turnover rates in response to a given stimulus (Bates & Millward, 1978) . Dohm el al. (1980) have also demonstrated a suppression of muscle protein synthesis in hindlimbs of rats perfused after bouts of swimming. Electrically stimulated contraction of muscle in the perfused rat hindquarter preparation also inhibits protein synthesis acutely, but there is an increase in the synthesis rate within 2 h (Table 1 ; M. J. Rennie, unpublished work) . To what extent these changes are contingent on the contractile process itself and of its energetic components is unknown, but there seems to be little doubt that any growth or adaptation to muscle protein must occur some time after exercise. We have now developed methods that use [13Clleucine to measure the rates of human muscle protein synthesis, and in a pilot study we have measured the effects of 3 weeks of unilateral heavy resistance training on protein synthesis in quadriceps muscle. The results show that the pratein synthesis rate increased significantly.
Branched-chain amino acid metabolism
Changes in nitrogen excretion require not only changes in protein turnover but also changes in amino acid metabolism. Furthermore, for the branched-chain amino acids, particularly leucine, such changes may be instrumental in inducing the changes in protein balance in muscle. We have measured these amino acids in muscle, plasma and urine and their related 0x0 acids in plasma and urine during and after exercise in man. There was a rise in the concentrations of these amino acids at the beginning of long-term exercise followed by a fall in plasma and muscle concentrations at the end of exercise (in common with those of glutamine, alanine and other amino acids). Plasma concentrations of their related 0x0 acids also fell during exercise at a time when the oxidative flux through the branched-chain 0x0 acid dehydrogenase was increased (judged by the rise in the production of 13C0, from [13Clleucine). We have been able to detect a substantial increase in the oxidation products of the branched-chain 0x0 acids in urine as a result of exercise. This increase in the metabolism of branched-chain amino acid during exercise helps to explain the increase in nitrogen excretion that Table 1 . Eflect of exercise on rat muscle protein synthesis and intramuscular free 3-methylhistidine All rats were 100-159g body wt. and had been provided with food ad libitum. Experiments conducted with living rats were performed with single doses of ('4Cltyrosine and IMe-'4Clmethionine, and a time course of precursor specific activity was constructed by killing rats at intervals. Exercised rats ran on a treadmill at 0.8m.p.h., 5% grade. [Results are from Bates er al. (1980) .1 Synthesis rates obtained in perfused rat hindquarter were calculated from the incorporation of I l4C1tyrosine into mixed muscle protein from perfusate containing plasma concentrations of amino acids (except 5 x tyrosine), 4.5% bovine serum albumin, rejuvenated human erythrocytes and 100 punits of insulin/ml. Isometric contraction of the muscles of the hindquarter was induced by electrical stimulation of the femoral and sciatic nerves in their lumbar course by trains of stimuli (looms trains, 1 train/% IOOHz, 0.05ms stimuli). IResults are from M. J. Rennie (unpublished work follows exercise. The decline in IL3C1leucine oxidation after the exercise was accompanied by large increases in plasma and urine 0x0 acid concentrations. These results suggest that the activity of the supposedly rate-limiting branched-chain 0x0 acid dehydrogenase is regulated to increase the oxidation of branched-chain amino acids during muscular work and to decrease it on cessation. Such a response in the activity of the enzyme is feasible, since it has been shown to be subject to a variety of control mechanisms (Parker & Randle, 1980 Amino acids are one of the major sources of carbon for hepatic gluconeogenesis. The normal circulating concentration of many of the glucogenic amino acids is below that which is saturating for the pathway of glucose synthesis in the liver. The delivery of amino acids from peripheral tissues to the liver is therefore a major factor in determining the rate of hepatic gluconeogenesis. Because skeletal muscle represents the major reservoir of body protein (about 60%), this tissue serves as the principal endogenous source of amino acids. Much experimental evidence in animals and man has shown that more than 5096 of the amino acid release by muscle in post-absorptive or starvation situations is accounted for by alanine and glutamine, and that this propor- Vol. 8 tion greatly exceeds their relative abundance in muscle proteins (for references see Snell, 1980) . This and other evidence suggests that these animo acids are synthesized de nouo by muscle from other amino acids produced during protein degradation.
Fates of muscle alanine and glutamine
The significance of the release of alanine from muscle for hepatic gluconeogenesis has been reviewed extensively (Felig, 1973; Ruderman, 1975; Snell, 1979 Snell, , 1980 . Glutamine is apparently not removed from the circulation to any great extent by the liver, but is extracted by the intestine, where it is a major respiratory substrate (Hanson & Parsons, 1980) . Oxidation of glutamine leads to alanine formation and release, and the extent to which glutamine carbon can serve as a precursor for pyruvate for alanine formation will determine the extent to which glutamine-derived alanine can serve as a precursor for net
